The application of bioelectric impedance to the measurement of tissue volume changes, long discussed, is with today's electronics innovations now a reality. The theory of this noninvasive technique is conceptually explained. Its application to continuous monitoring of the chest is described using three impedance devices, one of which was designed and developed by us. Clinical cases are described to illustrate its value in the early detection of pulmonary problems such as post-traumatic pulmonary insufficiency, congestive heart failure, and atelectasis, and in following the clinical course of patients with these special problems.
ulmonary complications are the leading causes of Ppostoperative morbidity and morta1ity.l Yet, little effort has been made to continuously monitor the lung as carefully as has become standard practice with the heart with the use of the electrocardiogram.
The most common problem is atelectasis, which leads to a decrease in both functional residual capacity and in compliance, and concomitantly, to an increase in the physiologic pulmonary shunt.* A second problem is the acquisition of increased pulmonary extravascular water as a result of inflammatory processes, elevated left atrial pressure, decrease in serum osmolality, or decrease in the integrity of the capillary wall.s All of these processes have one thing in common -a change in volume. In most cases, there is a decrease in air volume and a simultaneous increase in fluid volume. To this list can also be added pleural and pericardial effusions. Thus, a technique by which changes in volume could be instantly and accurately detected should prove to be a useful means of monitoring the chest.
Bioelectric impedance plethysmography is a noninvasive technique by which small changes in volume can be readily detected. The hindrance to flow of an alternating current (AC) is known as impedance ( Z ) and is defined in terms of voltage ( E ) and current ( I ) by Z=E/I. In biologic tissue I is carried by ions, the concentration of which is relatively fixed. The total number of ions in a given segment, such as the chest, is related to the total amount of fluid present in both the intracellular and extracellular compartments. Thus, the impedance of the chest segment, which is related to the number of these ions, is also related to the total volume of that segment.
Our first studies were done with the Minnesota Impedance Cardiograph,* which was developed for NASA by Professor William G. Kubicek and associates' for the study of chest impedance related to cardiac output. The instrument has a 100 kHz 4 mA rms current with 100,000 ohm input and output resistances. The baseline impedance is automatically calculated, continually updated, and displayed on a digital voltmeter. Later, we were able to evaluate two impedance devices designed exclusively for transthoracic impedance measurements. One was developed by us0" and the other by the Parks Company.? They utilize a 100 kHz 0.3 mA rms and a 60 kHz 0.5 mA rrns current respectively. Both are simple to operate, virtually free of all knobs, and compactly constructed ( Fig 1 ) .
A tetrapolar electrode system is used in which the outer electrodes establish a current field through the chest. The "Instrumentation for Medicine, Inc., Greenwich, Connecticut. ""Interscience Technology Corporation, Diamond Bar, California. +Parks Electronics Com any, Beaverton, Oregon. :3M Company, St. ~a u f ~innesota.
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*rauIm 3qZu ram01 u! uo!~e~uasardara~ewweS3~a .saporpala dnp!d aSq[o~ mauu! aqq Lq s)ua)um s)! pue m i q ) aq) swduro3u:* o) w uo!qwj 8 tion of fluid results in a drop in impedance. Hence, the anticipated course of a patient is one of a stable or rising impedance ( Fig 3 ) .
To date over 200 patients have been monitored by this technique. While the majority were patients who had had cardiac or pulmonary operations, patients with pneumonia, sepsis, congestive heart failure, and pulmonary insuf6ciency unrelated to surgery or trauma were also monitored. The most useful data was obtained in the intensive care unit, where the measurements were continued over periods of three to seven days depending upon the condition of the A 64-year-old woman with a long history of leukemia developed a pulmonary infiltrate and subsequently a large pleural effusion. Thoracentesis was performed to remove the fluid. As each 50 ml of fluid was removed from the pleural space, the new impedance value was recorded. The result was a progressive rise in impedance, which correlated well with the decrease in fluid ( r=0.987 ) ( Fig 4 ) .
A 56-year-old man with hypertensive cardiovascular disease was brought to the hospital complaining of shortness of breath. He had bilateral basilar rales, distended neck veins, a liver edge that was palpable three fingerbreadths below the costal margin and faint heart sounds. However, blood pressure was normal for him and there was no pulsus alternans. A chest x-ray film confirmed the presence of fluid in the lungs and in addition revealed a very large globular heart shadow.
A pericardiocentesis was done producing 700 ml of fluid and a considerable improvement in his symptoms. As his chest was being monitored by impedance, an excellent opportunity was afforded us to correlate the progressive decrease in pencardial fluid with the progressive rise in impedance (r= 0.930) (Fig5).
A 70-year-old man was admitted in congestive heart failure. X-ray film revealed a large cardiac silhouette, dilated pulmonary vessels, lower lobe infiltrates and pleural effusion. He was digitalized and given diuretics. Six days later, he had lost 10 kg, his atrial fibrillation had reverted spontaneously to a normal sinus rhythm, and his chest x-ray film revealed a marked clearing of the lung fields and a reduction in heart size. Over the same six-day period, his thoracic impedance reflected this improvement rising from his initial value of 13.3 ohms to 18.4 ohms ( Fig 6) . 
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A 30-year-old woman with severe rheumatic heart disease underwent replacement of her mitral and tricuspid valves. In the postoperative period, there was a significant decrease in her long-standing excessive pulmonary extravascular water volume. This was evidenced by the progressive rise in impedance and the concomitant fall in both the physiologic pulmonary shunt and the alveolar-arterial oxygen gradient ( F i g 7 ) .
A 50-year-old man on his second postoperative day following mitral valve replacement had a progressive drop in impedance. Examination of his chest including x-ray examination revealed considerable atelectasis. Endotracheal suctioning was begun which resulted in a progressive rise in impedance. In this instance, the impedance values were not only helpful in pointing out a problem, but were a useful guide to the effectiveness of the therapy (Fig 8 ) . 
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FIGURE 9. (Case 6)
. The drop in Z in this case illustrates its value in alerting the physician to a problem and at the same time demonstrates its validity when compared to other parameters.
A 60-year-old man had a drop in impedance on his third postoperative day following a left lower lobectomy. He had been overhydrated, but this condition was too subtle to be appreciated clinically or by x-ray examination. It was, of course, confirmed by an inspection of the intake and output sheet and the other parameters such as the rise in weight, rise in blood volume, fall in hematocrit and rise in central venous pressure. Following diuresis and fluid restriction, impedance reverted to its previous level as did the values of the other physiologic parameters ( Fig 9) .
During the 1940's and 1950's, there were numerous enthusiastic but often exaggerated claims for impedance measurements. Reliable equipment was not yet available. Subsequently, the electronics industry has developed rapidly. significant improvements have been made in instrumentation. Good and reproducible work began to be reported by several workers including Kubicek and associates: Allison and co-worker^,^ Geddes and colleagues,' and Kinnen and K~bicek.~ As interest once again began to grow in this technique, a very critical report appeared in 1967 by Hill and co-workersg in which they claimed that impedance changes observed when monitoring the thorax were due to mechanical-pressure changes at the electrode-tissue interface rather than to impedance-volume changes. He was refuted by Kinnen1° who demonstrated a completely different wave form from strain gauges placed in the vicinity of the thorax impedance electrodes. Adding to the refutation was the demonstration by Gessert and coworkers" and by us12 that in the leg impedance closely follows the relationship of Z = k L/A (where k = a constant, L = length, A = cross-sectional area) and that a change in Z(AZ) was also linearly related to L. Kira and colleague^'^ who ventilated an ex uiuo lung with saline solution and got a drop in impedance with inspiration and a rise with expiration. This is the reversal of the results obtained when air was used and cannot be explained by a mechanical-pressure effect on the electrodes. The strongest proof for the validity of the impedance signals was given by Ta rjan and McFee14 when they demonstrated respiratory impedance changes using a technique of inductive coupling in which no electrodes were placed on the thorax.
By continuously monitoring the thorax with bioelectric impedance, changes in a patient's course can usually be picked up long before they would be apparent clinically, by x-ray examination or other parameters. Studying pulmonary edema in dogs, Pomerantz and co-workers6 found that a drop in impedance occurred up to 45 minutes before any changes in blood gases, blood pressure, central venous pressure, or compliance. In a similar study, Berman and associates15 found that once pulmonary edema had developed, the impedance was a more reliable index of volume change than was the central venous pressure. Conditions in which there is no immediate change in fluid volume or tissue volume, such as pulmonary embolism, will not be detected. This was aptly demonstrated by Luepker and co-workers,16 who measured the central blood volume (CBV) and the pulmonary extravascular water volume ( P E W ) , as well as the chest impedance, in a series of experiments on dogs. They found that chest impedance was an excellent indicator of pulmonary edema, correlating well with the rise in CBV and P E W and in fact was more sensitive than either of these. With pulmonary embolism, there was no change in impedance, CBV or P E W . Pneumothorax ~roduced a rise in impedance and pleural effusion a fall in impedance despite the absence of any significant change in CBV or P E W in either of these conditions. It has not been possible to measure lung volumes satisfactorily despite a great amount of work in this area.3s5*13,17-23 Since the technique depends upon the number of conducting ions, it can only be a measurement of the changes in volume of fluid or tissue. Any attempt to quantitate air volumes, of necessity, is an indirect measurement of diminished ion mass and hence, only by inference, an increase in non-ion containing air. While correlations between respiratory volumes and chest impedance changes are good on each individual patient, an approach to actual quantification is possible only after these correlations have been made." If spirometry must be done on each patient in order to quantitate the impedance values, the simplicity of the technique is lost.25 It is, however, a very satisfactory means of measuring respiratory rate and is the basis of apnea monitoring in most neonatal and infant ICU's today.
A tetrapolar system is used in order to avoid electrode motion artifacts, particularly those due to respiration, that can occur as a result of contact resistance effects in a bipolar s y~t e m .~~~~~~~ Secondly, subject base impedance changes can be distinguished from electrode changes only in the tetrapolar system, since the base impedance values are generally much smaller than electrode contact resistances. In addition, there is more uniform current distribution and a smaller phase angle using the tetrapolar system. The smaller the phase angle the less will be the capacitive reactance component of impedance, which is at least a theoretic advantage, since the resistive component of impedance is most probably the measure of the ionic conductive mass or volume, the capacitive reactive component being a measure of the dielectric space within a given field.
Modem techniques of impedance measurements for a high frequency sinusoidal oscillator operating well above the frequencies which excite myocardial fibrillation and at a low enough current to provide a wide margin of patient safety. Frequencies of 50 to 100 kHz were used in these studies. At these frequencies, approximately 30 ma would be required to stimulate a ganglion cell.7 Higher frequencies would lead to subject-ground artifacts, difEculties in obtaining a high isolation impedance, and radio-frequency interference. Lower frequencies would result primarily in problems of patient safety.
Within the chest, changes in the volumes of fluid or air are associated with changes in the number and geometry of the ions and hence to changes in impedance. A loss of air is associated with a fall in impedance, probably due to an elevation of the diaphragm, which brings some of the abdominal contents into the monitoring field. It is thus fortuitous that both fluid accumulation and air loss, generalIy considered to be undesirable occurrences, cause a drop in impedance. We have never seen a drop in impedance that was not associated with an adverse clinical process. Nearly any instrumentation failure, such as a loose electrode, will cause a rise in the impedance reading. For these reasons, any fall in impedance is virtually always of clinical significance.
In previous studies, we have actually measured PEWV using the double indicator dilution technique and found that changes in its values correlated with those of impedance as well as the physiologic pulmonary shunt ( QS/ ~t ) and the alveolar-arterial oxygen gradient (A-a Doz).3,25 Despite correlations with other techniques, changes in impedance are nonspecific, indicating only that a change has occurred in the air or fluid volume or both of the chest. Once alerted by an impedance change, the physician can then elucidate the cause with the appropriate diagnostic procedure.
